Electromagnetic vibrations, which are generated by simultaneous imposition of a static magnetic field and an alternating electric field, were applied to the refinement of crystal grains of tough pitch copper. The electromagnetic vibrations of the frequency range from 100 Hz to 10 kHz were imposed during solidification of the copper rod. Within this frequency range, the vibration frequency of about 100 Hz was found to be the most effective in refining the copper crystal grains and the average grain size was refined up to 200 mm, which otherwise was around 600 mm in a nonvibrated specimen. It was concluded that by the electromagnetic vibration process tough pitch copper could also be refined as well as Al-Si alloys and AZ91D alloys.
Introduction
In order to build a sustainable society, good recycling efficiency and the reduction of the weight are desired for many products such as cars or electric products. In many of these products, copper wire is widely used as a conductor. To reduce the diameter of the copper wire is considered as an easy to get lighter products. However, a problem arises in that the mechanical strength declines with decrease of wire diameter. Regarding the mechanical properties, the HallPetch relation 1, 2) shows that the yield stress is proportional to the inverse square root of the average grain diameter. To date, many studies [3] [4] [5] [6] [7] [8] [9] [10] [11] on addition of other elements have been carried out to achieve grain-refined microstructures by doping some elements so that the mechanical properties can be improved. Particularly Cu-Ti alloys have extra higher strength than other copper alloys, while the electric conductivity becomes worse with the addition of Ti. [7] [8] [9] [10] In the meanwhile, the addition of other elements makes the recycling efficiency worse as well. Therefore, a grain refinement method of pure copper without doping any other elements is desired for improved mechanical properties.
The rapid cooling [12] [13] [14] [15] method and the application of ultrasonic wave vibration [16] [17] [18] [19] [20] are considered as two effective alternatives to obtain fined microstructures, without adding other elements. By using the former method, very fine microstructures on the micro-and nanoscales, or amorphous phase can be achieved in thin ribbons or atomized powders due to the necessity of achieving enormously high cooling rate. By using the latter method, the microstructure of a bulk sample can be refined and also has other effects, such as the uniform dispersion of inclusion materials and degassing. However, this method has also serious problems such as the dissolution of a transmitter when it is applied at high temperatures, and attenuation of vibrations in the regions remote from the vibrator.
When the alternating current is passed through a molten metal perpendicular to the static magnetic field, the molten metal is alternately subjected to the Lorentz force and so vibrated directly at the same frequency as the alternating current. Simultaneous imposition of a magnetic field and an alternating electric field is able to generate vibrations of a molten metal. This method is free from the problem occurring in ultrasonic wave vibrations, and thus it is a promising process. Recently, several studies on structural refinement have been carried out [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] by using this vibration method. The vibrations lead to the cavitation phenomenon, which is burst phenomenon of cavities generated by the vibrations. When the cavities burst, enormous energy is released and can inflict extensive damage to the solid wall as erosion or collapse. Miwa termed this cavitation phenomenon ''micro-explosion'' phenomenon. 28) Thus, the electromagnetic vibration technique is able to refine the microstructure without any refiners, and thus it is very useful for creation of a sustainable society with a low impact on the environment.
In this paper, the electromagnetic vibration process was applied to the structural refinement of tough pitch copper (TPC), kind of pure copper. In the meanwhile, the effect of the electromagnetic vibration on the solidified structure is investigated in terms of the vibration frequency.
Experiments
Schematic diagram of experimental apparatus was shown in Fig. 1 . Dimension of the tough pitch copper specimen was 5.8 mm in diameter and 70 mm in length. The purity of this TPC specimen was substantially high, as shown in Table 1 . Carbon electrodes (6 mm in diameter and 15 mm in length) were attached at both sides of the TPC specimen and encapsulated in Si 3 N 4 tube (15 mm in outer diameter, 6 mm in inner diameter and 100 mm in length), as shown in Fig. 2 . A thermocouple was inserted at the bottom of the specimen through a hole in the wall of Si 3 N 4 tube.
The Si 3 N 4 tube with the TPC specimen was inserted in the bore of superconducting magnet, which is able to generate a magnetic-flux density of up to 10 Tesla (T) at the center of a bore in 150 mm diameter, and firmly fixed by two stainless steel cylinders at the center of magnetic field, as shown in Fig. 1 . The TPC specimen was connected for AC power supply. The specimen was heated by an electric heating furnace covering the sample. During cooling the furnace can be removed from sample. Ar gas was flowed into the stainless steel cylinder to protect the furnace from oxidation. Experiment of electromagnetic vibration was carried out as following procedures. After a magnetic flux density reached 10 T, the TPC specimen encapsulated in the Si 3 N 4 tube was heated by the electric furnace up to about 1573 K and kept for 120 s. Then the electric furnace was removed above and alternating current with a frequency range from 100 Hz to 10 kHz and the intensity of 60 A was passed through the specimen at the same time. The magnetic field acts on the specimen toward the vertical direction, while alternating current passes along the specimen. As a result, an alternating Lorentz force is generated by the simultaneous imposition of these two fields and the specimen is directly vibrated at the same frequency as the alternating current. The alternating current was on until 973 K that the specimen could solidify completely. In this experimental method, melted region of the specimen was approximately 50 mm out of 70 mm in length. The solidified specimen was cut into five pieces at the cross section perpendicular to the alternating current direction with an interval of approximately 5 mm from center. Grain size in each cross section was measured and average grain size was estimated from three cross sections that had typical structure in the five cross sections.
The effect of vibration frequency on structural refinement was investigated by changing the frequency of the alternating current in a range from 100 Hz to 10 kHz. For comparison, nonvibrated specimen was also prepared with following experimental condition; magnetic-flux density was 0 T, and the alternating current with the same intensity of 60 A and frequency of 200 Hz was passed to prevent cooling rate from changing due to the Joule heat by the passed alternating current. Although the magnetic field generated by the alternating current of 60 A, intensity of the magnetic field was very weak in comparison with the magnetic field by the superconducting magnet. Therefore, the specimen was considered to be nonvibrated. Figure 3 shows a cooling curve of TPC specimen subjected to the static magnetic field of 10 T and the alternating current with the intensity of 60 A and the frequency of 500 Hz. Exothermic heat due to growth of copper crystals was slightly detected at around 1273 K as shown in the cooling curve of Fig. 3 . Cooling rate before the exothermic reaction was about 15 K/s. The alternating current was stopped at 973 K which the specimen sufficiently solidified, as shown in Fig. 3 . The imposition time of the alternating current was about 70 s for all specimens. In this period, the specimen was kept to be electromagnetically subjected to the vibration force. Similar cooling curves were detected for the all other specimens regardless of the intensity of static magnetic field or the frequency of alternating current. Figure 4 depicts the appearances of TPC specimen after the experiment. Figure 4(a) shows an appearance of nonvibrated specimen subjected to the static magnetic field of 0 T and the alternating current with the intensity of 60 A and the frequency of 200 Hz, and Figs. 4(b), (c) and (d) show those of vibrated specimens subjected to the static magnetic field of 10 T and the alternating current with the intensity of 60 A and the frequencies of 150, 5 k, and 10 kHz, respectively. In the case of the nonvibrated specimen, many small pores existed all over the surface and a large shrinkage existed at the center as shown in Fig. 4(a) . These pores indicated that many semispherical bubbles remained on the inner surface of the Si 3 N 4 tube. When the electromagnetic vibrations with a frequency of 150 Hz were imposed on the specimen, few small pores were observed on the surface and only a large shrinkage could be formed, as shown in Fig. 4(b) . The specimen vibrated at a rather low frequency, under 1 kHz, had the same feature with the specimen shown in Fig. 4(b) . In the case of the specimen vibrated at 5 kHz, few pores existed at one side of the specimen, and many small pores and several large pores existed at other side, as shown in Fig. 4(c) . Small bubbles shown in Fig. 4(a) may migrate along the inner surface of the Si 3 N 4 tube by the effect of vibrations and then large bubbles were formed by coalescence of these small bubbles. For the frequency of 5 kHz, the small bubbles migrated gradually due to rather small displacement in a half cycle of the vibration, and so long time was necessary for the aggregation of the bubbles. In the case of the low frequencies with large displacement in a half cycle, under 1 kHz, the bubbles moved drastically and aggregated in an instant, and the large shrinkage was formed easily as shown in Fig. 4(b) . Therefore, a shape of the specimen shown in Fig. 4(c) resulted from solidification in the middle of aggregation and coalescence of bubbles. In the case of the specimen vibrated at 10 kHz shown in Fig. 4(d) , many small pores were observed all over the surface just like the nonvibrated specimen shown in Fig. 4(a) . The small bubbles could hardly migrate because amplitude of vibrations was too small at the frequency of 10 kHz. Consequently, the specimen vibrated at 10 kHz solidified with many small bubbles dispersed all over the surface as shown in Fig. 4(d) . Obviously the shape of solidified specimen was dependent on the vibration frequency. Figure 5 shows typical microstructures of cross section perpendicular to the alternating current. The microstructure shown in Fig. 5(a) is one of nonvibrated specimen subjected to the static magnetic field of 0 T and the alternating current with the intensity of 60 A and the frequency of 200 Hz, and Figs. 5(b), (c), (d), (e) and (f) are those of vibrated specimens subjected to the static magnetic field of 10 T and the alternating current with the intensity of 60 A and the frequencies of 100, 150, 500, 5 k and 10 kHz respectively. In the nonvibrated specimen shown in Fig. 5(a) , the circumference of specimen was rough because of many small pores shown in Fig. 4(a) . The microstructure of the nonvibrated specimen consisted of coarse crystal grains and many dendrites were clearly observed like a substructure in the grains. In the specimens vibrated at frequencies of 100, 150 and 500 Hz, as shown in Figs. 5(b) , (c) and (d) respectively, these specimens had contact with the Si 3 N 4 tube due to the effect of vibrations and thus the remained gas, which existed between the specimen and the Si 3 N 4 tube, resulted in pores, as shown in Fig. 4(b) . The microstructure of these specimens was refined to many small grains and equiaxed dendritic substructure was observed vaguely in some grains. For the specimen vibrated at 500 Hz, a hybrid microstructure with fine grain and coarse dendrite can be observed, as shown in Fig. 5(d) . In the case of the specimen vibrated at 5 kHz, several large pores were observed on the surface and crystal grains were rather coarse, as shown in Fig. 5(e) . When the frequency of alternating current increased to 10 kHz, the macro-morphology of the specimen surface was similar to that of nonvibrated specimen and the microstructure of the specimen consisted coarser crystal grains, as shown in Fig. 5(f) .
Results and Discussion
The average grain size of three cross sections for each specimen was measured from the microstructural images shown in Fig. 5 and the relationship between the average grain size and the vibration frequency is shown in Fig. 6 . In the case of nonvibrated specimen, the average grain sizes of each cross section were scattering widely and the average grain size was approximately 600 mm. When the electromagnetic vibrations were imposed to the specimen, the average grain size was less than 200 mm and the smallest at the frequency of 100 Hz. In a range of frequency from 1 kHz to 5 kHz, crystal grains of TPC became larger and the average grain size was approximately 400 mm. In the case of the specimen vibrated at 10 kHz, the average grain sizes of each cross section scattered widely and the average size was larger than that of the nonvibrated specimen. It makes clear that the electromagnetic vibrations with a too high frequency have little effect on the refinement. This corresponds to the fact that surface of the specimen vibrated at 10 kHz was similar to that of the nonvibrated sample, as shown in Figs. 4(d) and 5(f). To achieve grain-refined microstructure for TPC by the electromagnetic vibrations, a rather low frequency about 100 Hz was most effective and there was the tendency that the average grain size increased with the increment of vibration frequency.
In the previous results on Al-7%Si alloy 30) and AZ91D magnesium alloy, 31) it was considered that primary dendrite arms were fractured by the cavitation phenomenon named micro-explosion, which brings on a burst of cavities generated by the electromagnetic vibrations, and consequently the structural refinement was obtained. In this experimental, the dendritic substructure was observed in crystal grains even in TPC that is a pure copper, as shown in Fig. 5(a) . This indicated that dendrites of TPC grew at the early stages of crystal growth. These dendrite arms were fractured by the micro-explosion and consequently the refinement of crystal grains was achieved even in TPC. However, at the high frequency movement of the melt may not reach such higher frequencies of the imposed alternating current, because the period of vibrations is too short. Therefore, it is considered that few cavitation phenomena occur, and thus the primary particles are barely crushed.
Conclusions
The electromagnetic vibration process was employed for the grain refinement of pure copper (TPC: tough pitch copper). When the alternating current and the static magnetic field of 10 T were simultaneously imposed to the melt of TPC in the cooling stage, crystal size of grains of TPC decreased without increase of the cooling rate. In a frequency range from 100 Hz to 10 kHz, the most effective frequency band for grain refinement for the metal was 100 to 500 Hz. When the vibration frequency was in a range from 1 to 5 kHz, the grain refinement became less effective and consequently the average grain size became coarse with increasing vibration frequency. At the frequency of 10 kHz, the microstructure and shape of the specimen were similar to those of nonvibrated specimen. It was apparent that there was little effect on the grain refinement at too high frequencies of electromagnetic vibration. 
